Abstract The use of p) and p) calculations on TEMPO and four related nitroxide radicals having another oxygen functionality (ketone, hydroxyl and ether) has allowed to determine the relative basicities (thermodynamic and hydrogen-bonded) of the oxygen lone pair relative to the nitroxide radical. The differences are small, especially the B3LYP ones, but in all cases they favor the radical. This is consistent with experimental results in the case of the hydroxyl group but not in the case of the keto group.
Introduction
The effects of hydrogen bonds (HB) on the properties of radicals are of great importance in material sciences such as building blocks in magnetic molecular compounds but mainly in life sciences as spin labels [1] [2] [3] [4] [5] . There are many examples of the use of radicals, often nitroxide ones, to determine the conformation of peptides through contact shifts produced by hydrogen bonding between nitroxides and the peptide proton (amide N-H) [6] . The s-nitrogen of D2 histidine 189 is the hydrogen bond donor to the tyrosine radical Y D Á of photosystem II [7] . An unusual hydrogen bond between a nearby tyrosine and the C-H atom on a nitroxide ring was observed [8, 9] as well as a C-HÁÁÁO HB between nitroxide ring with T4 lysozyme was also observed [10] . There are examples that describe a hydrogen-bond switching through a radical pair mechanism in a flavin-binding photoreceptor [11] ; explain how does catalase release nitric oxide by stabilizing the nitroxide radical intermediates via a hydrogen bond to Gly25 [12] ; reported that site-specific DNA structural and dynamic features are revealed by nucleotide-independent nitroxide probes. Other examples are related to nitroxide/DNA interactions through hydrogen bonding [13] and to structural origins of nitroxide side chain dynamics on membrane protein R-helical sites. The spin label at site I204 on LeuT makes a non-traditional hydrogen bond with the ortho-hydrogen on its nearest neighbor F208 [14] . Transmission of ferromagnetic interactions through HB in alkyne-substituted nitroxide radicals has been observed [15] .
In a 1980 paper exploring HB and short intermolecular contacts involving nitroxide groups in crystals it was stated, ''there is a strong tendency to form HB in which the nitroxide group is involved. When two possibilities are offered, one including the nitroxide group, the other coupling, for example, amide or acid groups, the preference is always for the first'' [16] . TEMPO derivatives have a hydroxy group at position four (either an OH, TEMPOL, or an = NOH, 4-hydroximino-TEMPO) crystallize involving O-HÁÁÁO-N HB and not any other possible HB [17] . Ciunik [18] discussed the effect on the electron difference-density distribution of intermolecular HBs on two-center threeelectrons of N-O radicals including TEMPO and TEM-POL. Tikhonov et al. [19] studied the water solvation of protonated (on the 4-amino group) analog of TEMPOL but with an amino group at position four instead of a hydroxy Electronic supplementary material The online version of this article (doi:10.1007/s11224-014-0484-5) contains supplementary material, which is available to authorized users. group (4-amino-2,2,6,6-tetramethylpiperidine-N-oxyl): two water molecules form HBs with the N-oxide oxygen.
On the other hand, there are theoretical calculations of pnictogen bonds, where it was concluded that lone pairs (:NH 3 ) present interaction energies that are in average three times larger than the corresponding free radical complexes (
• CH 3 ) [20] . We decided to examine this question using molecules having both a nitroxide free radical and an oxygen atom with its two lone pairs. For this, we selected compounds related to TEMPO.
It is important in crystallography as well as in materials science to know the kind of HB that forms the stable radicals. Among them, TEMPO (2,2 0 ,6,6 0 -tetramethylpiperidin-N-oxyl) is one of the most representative nitroxide radicals [21] . Since there is extensive literature on the subject, we will report here books [21] [22] [23] [24] [25] [26] [27] [28] [29] and some recent references [30] [31] [32] . The compounds we have selected are depicted in Scheme 1 and some of their properties are given in Table 1 . Remember that the pK a and the pK HB (hydrogen bond basicity) vary in a parallel way.
Previous computational studies related to the present work are: (i) calculation of heat of formation of TEMPO [33] ; (ii) bond dissociation energies (BDE) of the C4-H and C-O bonds (TEMPO-peptides) [34, 35] ; (iii) N-O stretching bands [36] ; (iv) a conformational analysis of 1-hydroxy-2,2,6,6-tetramethylpiperidine (TEMPO-H) [37] , and (v) an important work on the SOMO-HOMO energylevel conversion in aminoxyl radicals non-p-conjugated with a negative charge [38] . More relevant are some studies of HB in dimers of TEMPOL and 4-hydroxyimino-TEMPO [39, 40] , and in complexes of TEMPO with solvents like CH 3 CN and CH 3 CONH 2 (both weak HBD) [41] ; in all cases the HB occurs through the O terminal of the radical. It has been reported that the occurrence of proton transfer between an N-H group and TEMPO is through the HB [42] .
A foreword related to nomenclature will be useful. According to Lawrence J. Berliner in his chapter ''History of the use of Nitroxides (Aminoxyl Radicals) in Biochemistry: Past, Present and Future of Spin Label and Probe Method'' [29] , although the IUPAC recommend ''aminoxyl'', the common usage statistically favors the name ''nitroxide'' while the term ''nitroxyl'' is less used. So, along this paper the compounds will be named ''nitroxide radicals''. 
Computational methods
We have carried out B3LYP/6-311??G(d,p) calculations (optimization and frequencies) and MP2/6-311??G(d,p) ones (only optimization) using the Gaussian 09 suite of programs [48] [49] [50] [51] [52] . Solvent effects on the interaction energies have been calculated at the PCM level using water as a model solvent because its high dielectric constant (e = 78.3553) [52] should provide an upper limit for organic solvents [53] . Detailed computational results have been reported in the supplementary data. In addition, we carried out G3(MP2)RAD calculations [54] . MEP and spin density maps were calculated at the B3LYP/6-311??G(d,p) level. The proton affinities of Table 3 were corrected by the 5/2RT term (6.19 kJ mol -1 a 298.15 K) and are defined by the following equations: .
Results and discussion
We will discuss our values in the following order, first the molecular electrostatic potentials, (MEPs) then the basicity, and finally the HB. It would be useful to remember the resonance forms of TEMPO 1 and those of protonated TEMPO 1H 1 (Scheme 2), as examples of nitroxide radicals, for the following discussion.
Mep
The MEP maps are represented in Fig. 1 (isosurfaces ± 0.05 au) and the values of the MEP minima are reported in Table 2 . The more negative values for each group are found in those molecules that only present a single functional group with an oxygen atom (1,6, and 7). The presence of two oxygenated functional groups increases the value of the minima around 0.01 au in average. In those molecules with two oxygenated functional groups the deepest minima is found in the N-O group, except for 2 where the CO group shows a minima 0.001 au deeper than the NO one.
Following the procedure described in references [39, 40] , we have calculated the electron spin density distribution of the radicals 1-5 (Fig. 2) .
The spin density is mainly concentrated on the NO group, the spin populations of N and O atoms being large and positive. This effect accounts for *90 % of the total spin populations, which appear to be almost equally shared between nitrogen and oxygen, like in TEMPOL [40] . show that the B3LYP calculations are a little better than the G3(MP2)RAD for these compounds (smaller intercept and slope closer to 1). Therefore, we counsel to use DFT calculations instead of G3(MP2)RAD because they are faster and more reliable. The 1,4-position of the six-membered rings influence one another as it has been already discussed for the MEP minima. For instance, at the MP2 level, the carbonyl basicity of cyclohexanone is 823.0 and that of 4-oxo-TEMPO, 791.3 (a decrease of 31.7 kJ mol -1 ), and the basicity of tetrahydropyran is 822.4, and that of compound 4 is 789.8 (a decrease of 32.6 kJ mol -1 ). Although saturated rings transmit less efficient electronic effects than aromatic rings, these decreases reflect the electron-withdrawing effect of the nitroxide radical [64] .
Reciprocally, the basicity of the O radical is also affected by the other part, since in six-membered derivatives it decreases from the most basic TEMPO to 2 (28.7), 3 (14.4), 4 (22.9), and 5 (about 40 kJ mol -1 ). Clearly, proximity (compounds 4 and 5) and nature of the substituent (ketone or alcohol/ether) determine these electronic effects. For instance, the decrease between 1 and 4 (22.9 kJ mol -1 ) is similar to that between piperidine and morpholine (29.8 kJ mol -1 ) [43] .
Hydrogen-bonds
It is well-established experimentally that TEMPO 1 is an HB acceptor (HBA) towards phenols [65, 66] , carbon acids [37] , and hydroxylamines (Scheme 3). 4-Hydroxy-TEMPO (TEMPOL or TANOL) 3 form chains involving HB where the radical is the HBA and the OH group, the HBD [17] . The dimer TEMPO 1/4-Oxo-TEMPO 2 exchanges the proton with TEMPO in a reversible manner using a tunneling process [67] . We have already reported O-HÁÁÁO HBs in dimers of TEMPOL and 4-hydroximino-TEMPO [39, 40] . Our results are reported in Table 4 and some structures represented in Fig. 3 .
The use of the BSSE correction is controversial at the computational levels used in Table 4 , both other authors [68] [69] [70] [71] [72] [73] as well as ourselves [74, 75] have found that the BSSE correction does not improve the results for interaction energies.
The MP2 and B3LYP are similar although not proportional (in some cases increase and in others decrease) being in a small range of values. For complexes with the O radical, between -46.2 and -48. Scheme 3 HB complexes of compounds 1, 2 and 3 although complexes formed with preference with the radicals, the differences decrease with compounds like 4. Solvent effects calculated with a continuum model for water (PCM/B3LYP) shows differences with the gas phase that are only roughly proportional: PCM = (17 ± 12) ? (1.3 ± 0.3) gas, n = 14, R 2 = 0.66, however this will not modify the following conclusions.
The relationship between gas-phase basicity (as measured by the PA, Table 2 ) and hydrogen-bond basicity (as measured by E i , Table 3 ) is not simple. We have represented it in Fig. 4 using the MP2 values:
Closed-shell O atoms belong to two classes, depending on their hybridization, both showing proportionality between hydrogen bond and thermodynamic basicities. The properties of the nitroxide oxygen atom show that the thermodynamic basicity is very dependent on the structure while the HB basicity is almost constant.
We have shown that the O atom of the radical nitroxide competes favorably with the O atoms of alcohols, ethers, and carbonyl groups with regard to HBA capacity. This is not in contradiction with our results that in pnictogen bonds NH 3 is better HBA than CH 3 [20] , because NH 3 is a stronger base (PA = 853.6; GB = 819.0 kJ mol -1 ) [43] than any oxygen derivative. Note that in nitroxides there are five electrons around the O atom while there is only one in the methyl radical.
A survey of the Cambridge Structural Data Base (CCDC) [76] [77] [78] for compounds 2, 3, 4, and 5 presenting HB shows that there are no examples for cases 4 and 5. We will use the refcodes associated to the corresponding . Although the number of examples is very small, it appears that the carbonyl oxygen prevails over the nitroxide one contrary to our calculations (1.5 kJ mol -1 at the B3LYP level and 11.9 kJ mol -1 ) at the MP2 (Table 3 ). The HBD belongs to bulky groups while our calculations used the very small hydrogen fluoride that easily approaches the radical in spite of the four methyl groups.
Conclusion
The theoretical study at the B3LYP, MP2, and G3(MP2)RAD levels of five nitroxides, including TEMPO, has allowed to rationalize their proton affinities as well as their hydrogen-bonding properties. The oxygen atom of the NO radical is a good acceptor of HB that can compete with other oxygen atoms present in the structure even in the solid state. This will influence the physical and biological properties of these compounds in condensed phases.
Supplementary material
Supplementary data associated with this article can be found on the Journal's website.
